Chronic inflammation is considered to play a role in the development of cardiovascular disease. (n-3) Fatty acids (FA) have been reported to have antiinflammatory effects, but there is a lack of consensus in this area, particularly in regard to optimal source(s) and dose(s). This study aimed to determine the effects of high and low doses of (n-3) FA from plant and marine sources on plasma inflammatory marker concentrations. One-hundred adults with metabolic syndrome were randomly assigned to a low or high dose of plant-(2.2 or 6.6 g/d a-linolenic acid) or marine-(1.2 or 3.6 g/d EPA and DHA) derived (n-3) FA or placebo for 8 wk, using a parallel arm design (n = 20/arm). Fasting blood samples collected at 0, 4, and 8 wk were analyzed for concentrations of monocyte chemotactic protein-1 (MCP-1), IL-6, and soluble intercellular adhesion molecule-1 (sICAM-1) and for cardiovascular risk factors. Baseline concentrations across all 5 groups combined were (mean 6 SD) 103 6 32 ng/L for MCP-1, 1.06 6 0.56 ng/L for IL-6, and 0.197 6 0.041 ng/L for sICAM-1. There were no significant differences in 8-wk changes in plasma inflammatory marker concentrations among the 5 groups. Plasma TG and blood pressure decreased significantly more and the LDL cholesterol concentration increased more in the high-dose fish oil group compared to the 8-wk changes in some of the other 4 groups (P # 0.04). In conclusion, no beneficial effects were detected for any of the 3 inflammatory markers investigated in response to (n-3) FA in adults with metabolic syndrome regardless of dose or source. J. Nutr.
Introduction
Chronic inflammation plays a major role in the development of atherosclerosis and CVD 8 (1) . Our increasing knowledge of essential FA metabolism has suggested a potential antiinflammatory role of 3 common dietary (n-3) FA: ALA (2), EPA, and DHA. Reduced inflammation has been recognized as one of the numerous mechanisms by which (n-3) FA may reduce the risk of CVD (3, 4) .
In the last decade, an ever-increasing number of clinical trials have investigated the potential antiinflammatory effects of (n-3) FA both from supplements (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) and dietary sources (24) (25) (26) , yielding encouraging but inconsistent results. The trials investigating higher doses of (n-3) FA (.1 g/d EPA and/or DHA) in populations at high risk for CVD have generally reported improvements (i.e. reduced concentrations) for selected inflammatory markers (13, 20, 21) . Those studying the same range of dose but in healthy adults have had mixed results (6) (7) (8) (9) (10) 12, 13, (15) (16) (17) (18) 20, 21, 23) , whereas lower doses consistently have not shown a beneficial effect of (n-3) FA (5, 14) . At least one study has reported that very high intakes (6.6 g/d), well beyond current recommendations (4) , may raise the blood concentrations of some markers of inflammation (12) .
In addition to the differences in dosage and study population characteristics, other variables, such as the source of (n-3) FA, study duration, and background diet may explain the inconsistencies in these findings. Notably, the majority of clinical trials have used marine sources of (n-3) FA (EPA and DHA from capsules or fish), whereas few have examined plant sources (ALA from flax oil) and only one compared the two in the same trial (5) .
In summary, although (n-3) FA show potential for lowering inflammation, there is still a lack of consensus regarding the optimal source(s) and dose(s). To date, only a few studies have compared different doses (6, 7, 12, 22) or sources (5) of (n-3) FA and none to our knowledge has contrasted both different sources and doses in a single trial. In this study, we evaluated the effects of two sources of (n-3) FA, flaxseed oil (plant) and fish oil (marine), in two different doses (low vs. high) on three markers of inflammation in adults with metabolic syndrome.
Methods

Participants
Participants were recruited from the local community through radio and newspaper advertisements and completed an online screening and a clinic visit between May 2007 and September 2008. The primary inclusion criterion was meeting Adult Treatment Panel III/National Cholesterol Education Program Expert Panel guidelines for metabolic syndrome (27) . Other inclusion criteria included age $ 18 y and general good health. Participants were excluded if they had a BMI $ 40, diabetes, renal disease, significant liver enzyme abnormality, were pregnant or lactating, were smokers, had a history of CVD, inflammatory disease, malignant neoplasm, clotting disorder, or were taking antiinflammatory, lipid-lowering, or antihypertensive drugs. Of 1350 individuals assessed for eligibility, 100 participants were randomized to 1 of the 5 treatment groups (Supplemental Fig. 1 ). Two dropped out of the study (98% retention), one participant in the high-dose fish oil group was not able to accommodate the study visits in her schedule, and one participant in the high-dose flaxseed oil group found it too difficult to take 12 pills/d. Participants were middle-aged adults (age 50 6 10 y [mean 6 SD]), with a mean BMI of 30 6 4 kg/m 2 , predominantly men (64%) and Caucasian (68%), and with a relatively high mean education level (17 6 3 y) ( Table 1) . The study was approved annually by the Stanford University Human Subjects Committee.
Intervention
Prior to randomization, participants completed a 4-wk run-in phase during which they were instructed to abstain from any fish or flaxseed oil supplements, any foods rich in or supplemented with (n-3) FA, and supplements containing antioxidants. They were then randomly assigned to 1 of 5 groups (n = 20 each) for 8 wk: 1) low-dose flaxseed oil (LFx) (Barlean's Organic Oils) (2.2 g ALA/d, 4 capsules/d); 2) high-dose flaxseed oil (HFx) (6.6 g ALA/d, 12 capsules/d); 3) low-dose fish oil (LFO) (Nordic Naturals) [1.2 g EPA+DHA (700 mg EPA and 500 mg DHA)/d, 2 capsules/d)]; 4) high-dose fish oil (HFO) [3.6 g EPA+DHA (2.1 g EPA and 1.5 g DHA)/d, 6 capsules/d)]; or 5) placebo (P) (4 or 6 g soybean oil/d, 4 or 6 capsules/d). Two (instead of 4) different doses of placebo were chosen as a compromise in an effort to keep staff unaware of the flaxseed vs. fish oil treatment assignment (i.e. the 4 capsules/d P dose matched the 4 capsules/d for LFx, and the 6 capsules/d P dose matched the 6 capsules/d for the HFO). Participants were instructed to maintain their usual diet [with continued avoidance of (n-3) FA as indicated above] and usual level of physical activity for the duration of the study.
Data collection
Participants completed 3 on-study clinic visits: at baseline and 4 and 8 wk after randomization. At baseline and 4 wk, participants received a 4-wk supply of study capsules and at 4 and 8 wk they returned used bottles for leftover capsule counting. At each visit, anthropometric variables, blood pressure, and a fasting blood sample were collected. Blood pressure was measured 3 times at 2-min intervals after resting for 5 min. The first measurement was discarded and the last 2 averaged. Blood samples were analyzed for 3 inflammatory markers (primary outcomes): MCP-1, IL-6, and sICAM-1. These were chosen based on the existing literature at the time the study was conducted and the expertise of the investigative team (28) . Secondary outcomes included plasma lipids (total cholesterol, LDL cholesterol, HDL cholesterol, and TG) insulin, and glucose. RBC FA were also analyzed. Participants completed 3-d food records and 7-d physical activity record (29) prior to randomization and at the end of the study. Dietary intake data were analyzed using Nutrition Data System for Research software version 2007, developed by the Nutrition Coordinating Center, University of Minnesota, Minneapolis, MN. Participants and data collectors were unaware of the treatment assignments.
Biochemical analyses
Inflammatory markers. Plasma concentrations of MCP-1, IL-6, and sICAM-1 were measured with high-sensitivity ELISA kits from R&D Systems in duplicate, with a minimal detectable concentration of 5.0 ng/L, 0.04 ng/L, and 96 fg/L, respectively. All samples from each person were analyzed on the same day and in the same assay. Inter-and intra-assay variation (expressed as CV %) were 7.4/7.8, 5.8/5.7, and 4.6/5.5, for IL-6, MCP-1, and sICAM-1, respectively.
RBC FA. FA analysis was performed as previously described (30) . Briefly, an RBC aliquot was thawed and heated at 1008C for 10 min with methanol containing 14% boron trifluoride. The FAME thus generated were extracted with hexane and water and were analyzed via GC using a GC2010 (Shimadzu) equipped with a 100-m capillary column (SP-2560; Supelco). FA were identified through comparison with a standard FAME mixture (GLC-727; Nuchek Prep). FAME composition is reported as the percentage by weight of total identified FA. The CV for FA present at ,0.5% was 33%; from 0.5% to 5%, 3.5%; and . 5%, 2.3%.
Lipids. Plasma lipids were measured with standard enzymatic methods (31) (32) (33) . LDL cholesterol was calculated according to the method of Friedewald et al. (34) . Lipid assays were monitored by the Lipid Standardization Program of the CDC and were consistently within specified limits. The laboratory staff conducting these analyses were unaware of the treatment assignments.
Statistics. Sample size calculations for the study were made using projections for baseline concentrations and SD of the primary outcome variables: the selected inflammatory markers. Given that there are no established guidelines for clinically relevant reductions in the specific inflammatory markers assessed in this study, projected percent reductions from baseline were used to guide these decisions. Using an a = 0.05 and 1-b= 0.80, it was projected that 20 participants/treatment arm would be adequate to detect differences between pairs of treatment arms in 8-wk changes of ;12% for sICAM-1, ;25% for MCP-1, and ;40% for IL-6.
All analyses were conducted using SAS 9.1.3 with Service Pack 3 (SAS Institute). Descriptive statistics and graphs (PROC UNIVARIATE and PROC MEANS) were used to summarize the characteristics of the study population. When variable distributions violated basic testing assumptions, appropriate transformations of the data were used (e.g. log TG). For the primary outcomes (inflammatory marker concentrations) and secondary outcomes (i.e. blood lipids), 1-way ANOVA with repeated measures using PROC GLM were conducted; participant was used as a repeated measure. The changes in RBC ALA, EPA, DHA, and EPA+DHA (the omega-3 index) in each group from baseline to the 8-wk endpoint were compared by ANOVA. When the ANOVA for the main effect of treatment group was significant, the contrasts comparing pairs of treatments were examined using 2 sample t tests. Values in the text are mean 6 SD or SE. All statistical tests were 2-tailed using a , 0.05.
Results
Capsule adherence and RBC (n-3) FA concentrations. Study capsule adherence was $88% in all 5 groups: 89 6 5, 90 6 6, 88 6 8, 88 6 10, and 88 6 8% in the P, LFx, HFx, LFO, and HFO groups, respectively (mean 6 SD). The number of participants with ,80% adherence was 1, 1, 2, 3, and 3, respectively. After 8 wk, the RBC ALA level was greater in both Fx groups than in the other 3 groups and those of EPA and DHA were greater in both FO groups than in the others (P # 0.01), reflecting the FA compositions of the oils ( Table 2 ). The increase in the omega-3 index from baseline to 8 wk was greater in the HFO group (6.3 6 1.0%, mean 6 SE) than in the LFO group (2.8 6 0.3%) and both were greater than in the HFx (0.1 6 0.1%) and LFx (20.1 6 0.3%,) groups, which did not differ from one another. Based on 3-d food records and the 7-d physical activity record, energy, percent energy from macronutrients, fiber, (n-3) FA, and energy expenditure did not change during the study in any of the groups and there were no significant differences in changes among the groups (data not shown).
Primary outcomes. Baseline inflammatory marker concentrations across all 5 groups combined were 103 6 32 ng/L for MCP-1, 1.06 6 0.56 ng/L for IL-6, and 0.197 6 0.041 ng/L for sICAM-1 (mean 6 SD). There were no significant differences among groups at baseline. After 8 wk of treatment, there were no significant differences among the groups in changes in plasma MCP-1 (Fig. 1A) , IL-6 (Fig. 1B) , or sICAM-1 (Fig. 1C) . Overall changes in concentrations from baseline to 8 wk were: 25.5 6 22.3 ng/L for MCP-1, 0.13 6 0.94 ng/L for IL-6, and 0.001 6 0.027 ng/L for s-ICAM-1 (mean 6 SD).
At post hoc analysis, participants were divided into those with inflammatory marker concentrations below and above the median at baseline (99.4 ng/L for MCP-1, 0.94 ng/L for IL-6, and 0.192 ng/L for sICAM-1) to explore the possibility of a significant effect among those with more elevated concentrations. There were no significant differences in changes in plasma inflammatory markers among groups in the subset with concentrations above the median (Supplemental Table 2 ), as tested by ANCOVA, including the baseline concentration as a covariate in the model. Secondary outcomes. The pairwise significant differences among the groups in 8-wk changes in cardiovascular risk factors (Supplemental Table 1 ) were as follows: LDL-cholesterol increased in both fish oil groups compared to both flaxseed oil groups (P # 0.04); TG decreased in the HFO group compared to both flaxseed oil groups (P # 0.01); systolic blood pressure decreased in the HFO group compared to the HFx and P groups (P # 0.01); and diastolic blood pressure decreased in the HFO group compared to all other groups (P # 0.02).
Discussion
In this study we sought to determine whether (n-3) FA from either plant (flaxseed oil) or marine (fish oil) sources, at either a low or high dose, lowered blood concentrations of selected markers of inflammation (MCP-1, IL-6, and sICAM-1) in adults with metabolic syndrome after 8 wk of treatment. There were no significant changes in any of the 3 inflammatory markers investigated regardless of dose or source of (n-3) FA supplementation. Findings for secondary outcomes, cardiovascular risk factors, were generally in agreement with the current literature (4): LDL-cholesterol concentrations were increased and TG concentrations and blood pressure levels were reduced by fish oil consumption.
Among the more rigorous and recent investigations of potential antiinflammatory effects of (n-3) FA, several observed beneficial outcomes of (n-3) FA supplementation. In one trial, supplementation with 2.4 g/d of marine (n-3) FA or a prescribed diet high in (n-3) FA lowered concentrations of sICAM-1, soluble thrombomodulin, and IL-18 but not other inflammatory markers (IL-6, MCP-1, or TNFa) in elderly men with hyperlipidemia (13, 19) . In another trial examining the antiinflammatory effects of ALA, investigators reported that taking 8.1 g of ALA daily for 12 wk decreased circulating concentrations of C-reactive protein, IL-6, serum amyloid A, sVCAM-1, and jn.nutrition.org macrophage colony-stimulating factor in dyslipidemic men who habitually ate a diet high in SFA and poor in MUFA; and lowered concentrations of macrophage colony-stimulating factor and sVCAM-1 in dyslipidemic men who habitually ate a diet high in MUFA (11) . In a trial comparing the effects of 1 g EPA+ DHA or 2 g ALA/d, decreased concentrations of some (sVCAM-1 and soluble E-selectin) but not all (sICAM-1) markers of endothelial activation were observed (5). However, the participants in that study were generally healthy, which may have limited the potential opportunity to observe antiinflammatory effects of (n-3) FA consumption. It has been reported that individuals at high risk for CVD, such as persons with metabolic syndrome, have chronically elevated levels of inflammation (35, and may be most likely to benefit from this type of intervention.
Both the dose and population appear to be important factors in assessing potential antiinflammatory effects of (n-3) FA. Trials utilizing lower doses and/or healthy populations have been mostly unsuccessful in decreasing concentrations of the inflammatory markers studied as a result of (n-3) FA supplementation. In a recent randomized controlled trial that examined 19 different inflammatory markers, no beneficial effects of supplementation were reported using 1.5g/d (n-3) FA for 12 wk in healthy, middle-aged adults (18) . Using a similar dose of EPA +DHA, another study failed to observe any antiinflammatory effects of fish oil with or without a-tocopherol after 12 wk of treatment in generally healthy adults (9) . Finally, in a recent crossover study, no detectable changes were observed in blood concentrations of IL-1b, IL-6, or TNFa in healthy participants with mildly elevated TG after 8 wk of supplementation with either a 0.85-or 3.4-g/d dose of EPA+DHA (22) .
Baseline concentrations of inflammatory markers may also be important in eliciting detectable effects. One study that used very high doses of ALA (;11 g/d) in obese but otherwise healthy individuals did not observe an effect on inflammatory marker concentrations but noted that the initial concentrations in their study were ;30% lower than those in the trials reporting successful lowering effects. Our findings are in agreement with this hypothesis, because the baseline IL-6 concentrations (the only marker investigated in both studies) were even lower (;50-100%) than those in the study described above (23) .
Finally, the specific markers of inflammation selected as study outcomes are also an important variable of these study designs. Growing awareness that inflammation may be a crucial factor in the development of atherosclerosis and CVD has spurred the investigation of numerous biomarkers of inflammation as predictors of cardiovascular risk (36) . This large and growing number of potential and plausible biomarkers can generally be classified into several broad categories, including adhesion molecules, cytokines, proteases, platelet products, adipokines, and acute phase reactants. However, the clinical utility of this plethora of biomarkers has been difficult to establish. More research is needed to elucidate the markers that are the most etiologically relevant to CVD risk and can be most reliably and accurately measured using standardized assays (36, 37) .
Cross-sectional studies, in contrast to intervention studies, have frequently reported inverse relationships between blood (n-3) FA biomarkers and circulating inflammatory markers (38) (39) (40) (41) (42) . It is possible that the typical intervention study of several weeks or months is not of sufficient duration to fundamentally alter inflammatory processes. The success of the 3-y DOIT study in observing effects of supplementation on at least some markers is consistent with this view (13) . It will be informative to learn what is discovered from major interventional, multi-year trials with clinically relevant endpoints that will be reporting effects on inflammatory markers (e.g. JELIS, GISSI) (43, 44) .
There were several strengths in the design and conduct of the current study. These included enrolling participants with metabolic syndrome (i.e. increased likelihood of elevated inflammation) and comparing 2 different doses, one that may be attained through dietary intake alone and one that was 3 times as high and would likely be achievable only with supplementation. The sample size was also larger than most of the studies that have been cited in this discussion. In addition, the retention rate and adherence to the study protocol were excellent and adherence was documented by analysis of RBC (n-3) FA, which is an assessment that is often not conducted in this type of study (5,8,9,11,16,18) . Finally, the assessment of diet and physical activity levels indicated that these potentially confounding factors remained stable from baseline to the end of the trial.
The trial also had several limitations. For example, the participants were not screened for concentrations of inflammatory markers to determine eligibility but rather were enrolled on the basis of meeting the criteria for metabolic syndrome, a condition associated with elevated concentrations of inflammatory markers (35) . This resulted in enrolling some participants that had relatively low concentrations of inflammatory markers to begin with, with little room for improvement. This was partially addressed by a secondary analysis among those above the median concentrations at baseline, and still no effect was observed. A second limitation is that the 3 inflammatory markers investigated in this trial may not have been the most suitable to capture the effects of (n-3) FA, because numerous inflammatory markers have been documented in the literature (36). As described above, however, the endpoints used were carefully selected and were similar to those used in many other recent studies in this field. Finally, these results can only be generalized to the specific study population enrolled in this study and may not be extended to other individuals that may have different underlying levels of chronic inflammation, other race/ ethnic or groups, etc.
In conclusion, adults with metabolic syndrome taking (n-3) FA from either plant or marine sources for 8 wk, at doses that were either moderate and obtainable through dietary intake or high and would require supplementation, did not show a reduction in the blood concentrations of selected inflammatory markers. Although the relationship between (n-3) FA supplementation or consumption from fish and decreased cardiovascular events is generally accepted, the mechanism for this effect is not fully understood. The potential health benefits of (n-3) FA may be mediated by a mechanism that has an insignificant effect on specific markers of inflammation in the blood, such as the prevention of fatal arrhythmias (45) . Further research is warranted to better elucidate the mechanism of action and ideal consumption of (n-3) FA for potential health benefits.
